Mycobacterium brisbanense strain JK1, a bacterium capable of degrading the herbicide diuron, was isolated from herbicideexposed soil. A gene/enzyme system with diuron hydrolase activity was isolated from this strain and named PUH (phenylurea hydrolase) B (puhB/PuhB) because of its close similarity to the previously characterized PUH A (puhA/PuhA). Both PUHs were heterologously expressed, purified and characterized. The PUHs were found to oligomerize as hexamers in solution, with each monomer containing a mononuclear Zn 2+ active site. Sequence analysis showed that these enzymes belong to the metaldependent amidohydrolase superfamily, although they contain a hitherto unreported Asn-X-His metal-binding motif and appear to form a novel sub-group within this superfamily. The effects of temperature and solvent on the enzymes were characterized. Determination of the kinetic parameters of the PUHs was used alongside Brønsted plots to develop a plausible catalytic mechanism, which is similar to that used by urease. In addition to the primary PUH activity, both enzymes are catalytically promiscuous, efficiently hydrolysing esters, carbamates and phosphotriesters. In fact, an analogue of diuron, in which the C-N bond was replaced by a C-O bond, was found to be turned over as efficiently as diuron, suggesting that the substrate specificity is predominantly determined by steric factors. The discovery of PuhA and PuhB on separate continents, and the absence of any other close homologues in the available sequence databases, poses a challenging question regarding the evolutionary origins of these enzymes.
INTRODUCTION
The phenylurea herbicide diuron (N -3,4-dichlorophenyl-N-dimethylurea) is a non-specific systemic photosynthesis inhibitor widely used in a variety of agricultural and urban environments around the world. The mode of action is via inhibition of the Hill reaction in photosynthesis, by binding at the reaction centre of Photosystem II and blocking electron transfer. Diuron is an environmental concern both because of off-site herbicidal effects and because of the vertebrate toxicity and suspected genotoxicity of diuron and its primary metabolite DCA (3,4-dichloroaniline) [1, 2] . Diuron can leach into the ground, surface and, ultimately, sea waters, and is environmentally persistent, with a half-life in soil approaching 1 year [3] . The European Commission classifies diuron as a priority substance of major concern in European waters (COM/2006/0397; http://eur-lex.europa.eu).
Microbial degradation is thought to be the major route for the environmental degradation of diuron. In addition to microbial consortia and fungal isolates, several individual bacterial strains have been shown to catabolize a range of phenylurea herbicides, including diuron [3, 4] . For instance, Arthrobacter globiformis D47 degrades several phenylureas, in the order (by rate) linuron > diuron > monolinuron > metoxuron > isoproturon [5] . Another Arthrobacter sp., the N2 strain, has been found to degrade diuron, chlorotoluron and isoproturon [6] . Neither of these Arthrobacter species entirely mineralize diuron, but accumulate DCA as a result of diuron hydrolysis. In contrast, both Pseudomonas sp. strain Bk8 and Variovorax sp. SRS16 completely mineralize diuron [7, 8] .
The first purified PUH (phenylurea hydrolase) was found to be a 75 kDa enzyme from Bacillus sphaericus, which was reported to catalyse the breakdown of a number of N-methoxy-N-methyl-phenylureas, including linuron, monolinuron, metobromuron and chlorbromuron, but not diuron or other N-dimethylphenylureas [9, 10] . The only genetic characterization of a hydrolytic diuron-degrading enzyme to date has been that by Turnbull et al. [11] , who cloned and sequenced a PUH gene called puhA from A. globiformis D47 that had low-level sequence similarity to members of the amidohydrolase superfamily.
Amidohydrolase enzymes contain mono-or bi-nuclear metal centres within a (β/α) 8 -barrel structural fold and catalyse the hydrolysis of amide or ester functional groups at carbon or phosphorus centres. The metal centres are located at the C-terminal end of the eight β-strands that constitute the barrel, with the protruding loops influencing substrate specificity. There are several subtypes of amidohydrolases, which are defined by the variations in the amino acids that function as direct metal ligands (for a review, see [12] ).
In the present study, the enrichment, isolation and identification of a Mycobacterium strain capable of diuron hydrolysis is described. A protein encoded by a gene closely related to puhA (puhB) was found to be responsible for the observed diuron hydrolysis. The two PUHs (PuhA and PuhB) were characterized, Abbreviations used: ADA, adenosine deaminase; AES, atomic emission spectroscopy; CDA, cytosine deaminase; DCA, 3,4-dichloroaniline; DMNPC, N-dimethyl, O-4-nitrophenyl carbamate; ICP, induction-coupled plasma; LB, Luria broth; LC, liquid chromatography; MM, minimal medium; ORF, open reading frame; PTE, phosphotriesterase; PUH, phenylurea hydrolase; SEC, size-exclusion chromatography; T m , melting temperature. 1 To whom correspondence should be addressed (email john.oakeshott@csiro.au).
The nucleotide sequences of Mycobacterium brisbanense JK1 16S rDNA, cosmid 158 and pHRIM622 have been deposited in the GenBank ® database with the accession numbers EU825951, EU851876 and EU851877 respectively. and found to be members of a new subtype within the amidohydrolase superfamily.
EXPERIMENTAL Bacterial strains, reagents and medium
Unless otherwise stated, chemicals were purchased from SigmaAldrich. Difco Pseudomonas agar and Difco nutrient agar were purchased from BD Biosciences. LB (Luria broth), LB agar, TAE (Tris/acetate/EDTA), TE (Tris/EDTA) and antibiotics (hygromycin, 100 μg · ml −1 ; ampicillin 100 μg · ml −1 ; and kanamycin, 50 μg · ml −1 ) were prepared as described by Sambrook et al. [13] . MM (minimal medium) was prepared as described by Sorensen and Aamand [14] . All pesticides and their metabolites were of the highest purity available (> 97 %). Carbaryl and parathion were obtained from Chem Service, and other pesticides were purchased from Sigma-Aldrich. N,N-dimethyl-O-4-nitrophenyl carbamate was a gift from Professor Timothy Bugg (Department of Chemistry, University of Warwick, Warwick, U.K.). Details of the linuron ester and DDHP (2-dimethylamino-5,6-dimethyl-4-hydroxypyrimidine) syntheses are included in the Experimental section of the Supplementary Online Data (at http:// www.BiochemJ.org/bj/418/bj4180431add.htm).
Diuron-treated soil samples from sugar-cane-growing areas of Queensland were provided by John Reghenzani (BSES Ltd). Soil samples (1 g) were suspended in 50 ml of MM in 250 ml Erlenmeyer flasks supplemented with 43-129 μM diuron in the presence of a carbon source mixture (glucose, glycerol and succinate, each used at 1 g of carbon per litre) as required. All enrichment cultures were grown at 28
• C in the dark. To subculture, 0.2-4 % vol. of the culture were transferred into fresh MM, supplemented appropriately. Degradation was observed by extracting metabolites from 500 μl of culture using 500 μl of acetonitrile, prior to analysis by HPLC. Once a stable diurondegrading culture was established, individual bacterial strains were isolated by dilution plating on LB agar, nutrient agar and Pseudomonas agar. Individual colonies were picked and used to inoculate further flasks of appropriately supplemented MM.
Escherichia coli LE392MP (Epicentre), JM109 (Promega), Electro-10 blue (Stratagene) and Mycobacterium smegmatis mc2 {Dr Helen Billman-Jacobe (Department of Microbiology and Immunology, University of Melbourne, Melbourne, Australia) [15] } were routinely grown at 37
• C on LB agar or in liquid medium using appropriate antibiotics. Electrocompetent M. smegmatis cells were prepared as described previously [16] . Transformations of E. coli and M. smegmatis were carried out by electroporation with 0.1-1 μg of DNA using a BioRad Genepulser II at 200 , 2500 V and 2.5 μF with disposable electroporation curvettes (BTX-Harvard Apparatus). Post-electroporation cells were grown out at 37
• C for 15 min (E. coli) or 2.5 h (M. smegmatis) in 500 μl of LB, followed by plating on solid medium containing the appropriate antibiotic. Tween 80 (0.05 %) was added to M. smegmatis transformations to ensure that cells did not clump. A. globiformis D47 containing the plasmid pHRIM620 (encoding the puhA gene) was cultured in 1 litre flasks containing LB supplemented with 0.05 mg · ml −1 sulfamethoxazole and 0.001 mg · ml −1 trimethoprim at 28
• C for 23 h. M. brisbanense JK1 was cultured for 2 days at 28
• C in 3 × 1 litre of LB containing 0.05 % Tween 80.
Characterization and identification of the M. brisbanense JK1
MM (50 ml) supplemented with 10 mM glucose, 0.13 mM diuron and 18.7 mM ammonium chloride (as required) were inoculated with a 1:50 dilution of homogeneous freshly grown strain JK1 cells (D 600 = ∼ 1). Cultures were incubated at 28
• C with shaking at 200 rev./min in the dark. Samples were taken at ∼ 24 h intervals, and metabolites were extracted in 50 % acetonitrile, filtered and analysed by HPLC.
Routine Gram staining and light microscopy were performed to examine bacterial morphology. The 16S rDNA gene of strain JK1 was amplified with the universal primers 27f and 1492r [17] , using colony-PCR with the high-fidelity polymerase Pwo (Roche) and an Eppendorf Mastercycler (Eppendorf). Amplicons were purified using the QIAquik kit (Qiagen) and sequenced.
Construction and screening of a pYUB415 cosmid library M. brisbanense strain JK1 genomic DNA was extracted using phenol/chloroform [18] and partially digested with Sau3AI to obtain fragments of approx. 40 kb. The fragments were purified after electrophoresis in 0.8 % low-melt agarose (Scientifix). The fragments were cloned into pYUB415 {Dr William R. Jacobs Jr (Albert Einstein College of Medicine, New York City, NY, U.S.A.), [15] } that had been digested with BamHI. The pYUB415 library was packaged into phage particles used to infect E. coli LE392MP cells, using MaxPlax Lambda packaging extracts (Epicentre), according to the manufacturer's protocol.
Cosmid DNA was extracted from cultures of pooled (10 clones/ pool) E. coli tranformants using QIAquik (Qiagen). The pooled cosmid DNA was used to transform M. smegmatis by electroporation and cells were grown on solid medium containing hygromycin. All growth on the plates was washed into MM containing diuron (86 μM) and hygromycin, then incubated at 37
• C for 2-10 days with monitoring for diuron degradation. M. smegmatis containing pYUB415 without an insert was used as a negative control. BamHI and BglII (Fermentas and NEB respectively) fragments of cosmid 158 were cloned into pYUB415 and tested for diuron hydrolase activity in M. smegmatis.
Routine DNA sequencing was performed by Micromon (Australia) and large DNA fragments (20-40 kb) were sequenced by the Australian Genome Research Facility by shotgun sequencing with 8-fold sequence coverage. DNA was routinely separated by electrophoresis in 0.5-1.5 % agarose gels.
Protein expression and purification
PCR amplicons of puhA and puhB were generated using Pwo polymerase (Roche) and the primers described in Supplementary Table S1 (at http://www.BiochemJ.org/bj/418/bj4180431add. htm). The amplicons were cloned into pMV261 [19] using NdeI, BamHI and HindIII (Fermentas). Electrocompetent E. coli JM109 (Promega) were utilized for transformation of ligation reactions.
PuhA and PuhB were produced from pMV261 in M. smegmatis grown in LB containing 0.05 % Tween 80 and kanamycin at 28
• C for 2-4 days. Clarified CFEs (cell-free extracts) were obtained by resuspending the bacteria in 25 mM Tris (pH 8) followed by three passes through a French pressure cell (Thermo) and centrifugation (20 000 g for 40 min at 4
• C). All columns and chromatographic media were purchased from GE Healthcare unless otherwise specified. PuhA and PuhB were purified by loading the soluble fraction of a 30-50 % ammonium sulfate precipitation on to a HIC (hydrophobic-interaction chromatography column; Phenyl-Sepharose HP), equilibrated with 20 mM Tris/HCl (pH 8.0) and 1 M ammonium sulfate. The enzymes were eluted over a linear gradient of 0.4 litres from 1 M to 0 M ammonium sulfate. Active fractions were pooled and dialysed against 20 mM Tris/HCl (pH 8.0) before being loaded on to an AEX [anion-exchange column; High Q (Bio-Rad)], equilibrated with 20 mM Tris/HCl (pH 8.0). Protein was eluted over a linear gradient of 0.5 litres from 0 M to 1 M NaCl. Active fractions were pooled and concentrated before being subjected to SEC (size-exclusion chromatography; Superose 6 10/300 GL or Superdex 200 Hiload 26/60), during which they were eluted with 50 mM KCl and 25 mM Hepes (pH 8). The enzymes were stable in this buffer at 4
• C for several weeks. The oligomeric state of the enzymes was estimated using a Superose 6 column, calibrated with the following protein standards (kDa): thyroglobulin (669), ferritin (440), catalase (232) and aldolase (158) (GE Healthcare).
Standard tryptic peptide mass fingerprinting was used to confirm the identity of proteins excised from polyacrylamide gels by LC (liquid chromatography)-ESI (electrospray ionization)-MS/MS (tandem MS) ion trap following the method of Campbell et al. [20] (see the Experimental section of the Supplementary Online Data).
Protein concentrations were estimated using the Bio-Rad protein assay, using BSA as a standard. Protein purity was monitored using SDS/PAGE and staining with Coomassie Brilliant Blue. Where PuhA and PuhB concentrations were estimated in semi-purified extracts, SDS/PAGE gels were scanned using Labscan v5 (Amersham Biosciences) and band densitometry was performed with Total lab TL100 (Nonlinear Dynamics).
Enzyme activity, assays and analysis
Enzyme activity was measured by either HPLC, LC-MS or a modified colorimetric method [21] . Detailed methods are provided in the Experimental section of the Supplementary Online Data. All enzyme assays were performed in 25 mM Mops (pH 6.9) and 50 mM KCl, containing 0.4 % acetonitrile at 25
• C, unless otherwise specified, and corrected for any nonenzymatic hydrolysis or background absorbance. The program Kaleidagraph v3.6 (Synergy Software) was used to plot activity curves and fit data. The substrate pK a values were obtained via an online database http://www.syrres.com/esc/physdemo.htm (Syracuse Research Corporation). Kinetic data for both enzymes were fit to either the Michaelis-Menten equation (eqn 1) or a modified equation, accounting for substrate inhibition (eqn 2). In some instances, the solubility limit of the compound prevented any velocity measurement above the K m ; where a regression could not be performed the slope of v/[S] or the k cat /K m was recorded.
The pH dependence of k cat and k cat /K m for the hydrolysis of diuron by the PUHs was determined in the range between pH 5 and 9.5 using a buffer of constant ionic strength (AMT; 50 mM acetic acid, 50 mM Mes and 100 mM Tris [22] ). The data were analysed with the following equation (Eqn 3):
where the apparent activity (y) is either log(k cat ) or log(k cat /K m ) and pK a 1 and pK a 2 are the apparent pK a values for the acidic and basic groups respectively.
The influence of solvents (acetonitrile and methanol) was monitored by LC-MS at seven concentrations from 0.4 % to 18.2 % over 1 h, in duplicate, at a concentration of 77 μM diuron. The catalytic efficiency of the enzymes at various temperatures was measured at 12 temperatures ranging from 2 to 60
• C at a concentration of 154 μM diuron. Enzyme stability was measured by incubating the enzymes at six temperatures between 30 and 55
• C for 10 min prior to kinetic analysis at 25
• C. The residual activity was then plotted as a function of the incubation temperature; this generates a sigmoidal curve in which the inflection point, or T m (melting point), of the transition between folded and unfolded protein is calculated using a Boltzmann function (eqn 4):
where y min and y max are the values of the minimum and maximum activities, T is the temperature of pre-incubation, T m is the melting temperature, and λ denotes the slope of the curve within T m .
Genomic and phylogenetic analysis FGENESB (http://www.softberry.com) was used to detect ORFs (open reading frames), which were then manually confirmed. Nucleotide and amino acid sequences were analysed using BLAST [23] . Identification of promoters utilized the program BPROM (http://www.softberry.com). BioEdit version 7.0.5.2 [24] was used to identify restriction endonuclease recognition sites, analyse the promoter regions and calculate nucleotide identity scores.
Analysis of the PuhB amino acid sequence was performed with the NCBI conserved domain search, which displayed the 32 sequences most dissimilar from the query (as determined by BLAST) that shared similar domain architecture. A phylogeny was constructed using the complete deletion option with the Dayhoff (PAM) scoring matrix and neighbour-joining trees were constructed using MEGA (Molecular Evolutionary Genetics Analysis) software version 4.0 [25] , which were bootstrapped 1000 times.
To find other sequences with the Asn-Xaa-His motif, the search tools BLASTp and tBLASTn were applied to the following NCBI databases: nr, patent, env samples (protein), nr/nt, GSS, WGSS, HTGS, Env samples (DNA) and genomic reference sequences as at 03/01/2008.
Homology modelling
An homology model of the active site of PuhB was made using an alignment with the closest structural homologue 2QS8 (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/418/ bj4180431add.htm). Conserved metal ligands and second-shell residues were threaded on to the structure of 2QS8 using the program Swiss-PDB Viewer [26] , and the single difference in the active site, the replacement of His 65 by Asn 65 , was made by manual adjustment using the program COOT [27] .
Metal analysis
Purified enzyme was concentrated with a 100 kDa Amicon spin column (Millipore) and quantified by measuring the A 280 with a Nanodrop spectrophotometer (Nanodrop Technologies). Molar absorption coefficients (PuhA, 48 460 M −1 · cm −1 ; and PuhB, 51 470 M −1 · cm −1 ) were calculated using Vector NTI 10.3.0 (Invitrogen). Protein quantifications were adjusted for these theoretical A 280 molar absorption coefficients, 1A 280 = 1.03 mg · ml for PuhA and 1A 280 = 0.98 mg · ml −1 for PuhB. These samples were analysed by the Australian National Measurement Institute. Briefly, 0.2 ml of sample was digested in 2 ml of concentrated nitric acid in a polypropylene tube by heating on a steam bath for 2 h, then diluted to 30 ml with high-purity water and analysed by ICP (induction-coupled plasma)-AES (atomic emission spectroscopy) and ICP-MS.
RESULTS AND DISCUSSION

Isolation of a diuron-degrading bacterium and PUH gene
Enrichment cultures in which diuron was the sole nitrogen source were set up from four diuron-exposed soil samples. Depletion of diuron without concurrent accumulation of the aniline metabolite was observed in only one culture, which was serially subcultured eight times without loss of activity. A pure strain of a Gram-positive bacterium with diuron hydrolase activity was isolated from the fourth subculture by dilution plating. 16S rDNA sequencing of this strain revealed it to be 99.7 % identical with Mycobacterium brisbanense A.T.C.C. 49938T (AY012577), a member of the M. fortuitum third biovariant complex of fastgrowing Mycobacteria [28] . The isolate was thus designated M. brisbanense JK1.
A culture of JK1 (1:50 dilution of an approx. D 600 = 1 culture) was shown to degrade diuron in the presence of an alternate source of nitrogen (Figure 1 ). In contrast with the enrichment culture, diuron degradation by the isolated bacterium resulted in DCA accumulation (Figure 1 ). Diuron turnover was preceded by a lag phase of ∼ 8 days, with 50 % degradation, and accumulation of equimolar quantities of DCA, occurring after ∼ 10.5 days. Where diuron was supplied as the sole source of nitrogen the onset of degradation was delayed even longer, with 50 % degradation occurring after 12 days (results not shown). During the lag phase, bacterial growth was inhibited when compared with a control without diuron (results not shown), which may indicate a period of adaptation to the toxicity of diuron or DCA [29] .
A cosmid library was prepared from the total DNA of M. brisbanense JK1 using the E. coli-Mycobacterium cosmid shuttle vector pYUB415. In total, 320 cosmid clones (expressed in pools of ten) were screened for a diuron-degrading phenotype in M. smegmatis mc2. A single pool was identified with diuron hydrolase activity, from which a single cosmid (cosmid 158) was isolated which conferred diuron hydrolase activity on M. smegmatis. The hydrolytic activity was localized to a 2.5 kb BamHI fragment by sequential restriction digests.
Sequence analysis
The 2.5 kb BamHI fragment containing the PUH gene was sequenced by primer walking to reveal one complete 1386 bp ORF, which was found to have 79 % nucleotide identity with the known diuron hydrolase-encoding gene puhA. Thus the newly identified gene was named puhB.
Further comparison of the plasmid containing puhA (pHRIM622) [11] and cosmid 158 identified similarities in the promoter regions of puhA and puhB, specifically in the − 10 bp, − 35 bp, ribosome-binding sites and palindromic sequences ( Figure 2) . Syntenous tetR regulatory genes were identified (78 % amino acid identity) upstream of both puh sequences. The presence of conserved regulatory genes and a potential transcription-factor-binding site (palindromic sequence) in the promoter region suggest that these hydrolase genes may be located adjacent to the genes for their regulatory proteins.
PuhA and PuhB were found to be 82 % identical with each other, and belong to the metal-dependent hydrolase A subfamily (CD01299) of the amidohydrolase superfamily. A neighbour-joining phylogeny was constructed using the 32 most diverse sequences of this superfamily (see Supplementary Figure  S2 at http://www.BiochemJ.org/bj/418/bj4180431add.htm). The closest branch (with 86 % bootstrap support) to the PuhA and PuhB sequences contained an organophosphorus acid hydrolase from Arthrobacter sp. strain B-5 [30] . Generally, a His-Xaa-His motif on strand 1 of amidohydrolase proteins is conserved and is thought to be essential for metal binding [12] . However, the two PUHs have an Asn-Xaa-His motif in this position; only four other related sequences in any database share this motif (AAFZ01006276, AAFX01087192, DU787061, and EI950289).
A comprehensive review by Seibert and Raushel [12] classified the amidohydrolase superfamily into seven subtypes on the basis of their metal-binding ligands. The closest relatives of the PUHs with known structures are: 2QS8, a Xaa-Pro dipeptidase from Alteromonas macleodii; 2P9B, a putative prolidase from Bifidobacterium longum; and 2GOK, an imidazolone propionase from Agrobacterium tumefaciens, all of which belong to subtype III. This subtype contains a mononuclear active site containing either a Zn or Fe metal ion co-ordinated by a His-Xaa-His motif from β-strand 1, a histidine residue from β-strand 5 and an aspartic acid residue from β-strand 8. A conserved histidine residue on β-strand 6 is located in the second shell of the active site and thought to hydrogen-bond to either the catalytic water molecule or the substrate. Interestingly, these structures also have a lysine residue in the active site, although it does not co-ordinate the metal ion. The replacement of the first histidine residue of the HisXaa-His motif in PuhA and PuhB by asparagine should not prevent this motif from being involved in metal co-ordination, since asparagine is known to be involved in transition metal ion co-ordination in other metalloenzymes [31] . A crystal structure will be necessary to confirm the active-site architecture, but the putative Asn-Xaa-His metal co-ordination motif differentiates PuhA and PuhB from members of other amidohydrolase subgroups and suggests that they represent a novel structural subtype (VIII; Table 1 ). The puhA and puhB genes are represented by arrows indicating the direction of transcription relative to a conserved putative tetR family transcriptional regulator. Predicted promoter regions (− 10, − 35) and ribosome-binding sites (RBS) upstream of the puhA and puhB genes are shown. A 14 bp palindromic sequence upstream of puhA (indicated with inverted arrows) is similar (ten out of 14 matches) to an imperfect palindromic sequence upstream of puhB.
Table 1 Amidohydrolase subtypes I-VIII
The conserved residues of amidohydrolase subtypes I-VII identified by Seibert and Raushel [12] with the PUHs forming the new subtype VIII. Please note that the single-letter amino acid code is used in the Table. Lower case letters denote conserved residues that differ in their function from the archetypical role of these residues in specific subtypes of this family of enzymes, whereas upper case letters denote amino acids that fulfil the archetypical role. 
Strand
*These residues are present in the active site, but do not appear to ligate a metal. In some cases they can accommodate a second metal ion but it is not required for catalysis.
†Hydrogen bonds link these residues to the hydrolytic water molecule.
Expression and purification
Initially, PuhA and PuhB were natively expressed in, and purified from, A. globiformis D47 and M. brisbanense JK1 respectively (Supplementary Table S2 at http://www.BiochemJ.org/bj/ 418/bj4180431add.htm). A purification factor of 51 was achieved for PuhA. The identity of a ∼ 50 kDa band on SDS/ PAGE was confirmed by tryptic digest peptide fingerprinting (Supplementary Figure S3 at http://www.BiochemJ.org/bj/418/ bj4180431add.htm). Unfortunately, native PuhB lost activity during purification. However, by monitoring activity using DMNPC (N-dimethyl, O-4-nitrophenyl carbamate), the native molecular masses for PuhA and PuhB were both estimated to be ∼ 310 kDa using calibrated SEC, consistent with a 300 kDa hexamer comprising six ∼ 50 kDa subunits. The predicted monomer masses (excluding the N-terminal methionine residue) of PuhA and PuhB are 48.8 and 49.5 kDa respectively.
The Mycobacterium expression vector (pMV261) was used for heterologous expression of the PUHs in M. smegmatis. The specific activity measured from the soluble fraction of M. smegmatis cells expressing PuhA was comparable with that measured in the native expressions, and the soluble fraction of cells expressing PuhB also displayed diuron hydrolase activity. Both proteins were then purified to homogeneity by the method used for the native enzymes (Supplementary Figure S4 and Supplementary Table S3 at http://www.BiochemJ.org/bj/418/bj4180431add.htm). The purified recombinant proteins were catalytically active, of the predicted monomeric molecular mass as judged by SDS/PAGE, and were estimated by SEC to oligomerize into approx. 300 kDa complexes, as seen for the natively expressed proteins.
Metal analysis
Analysis of the active-site metal in PuhA and PuhB by ICP-AES and ICP-MS showed that Zn was the most abundant of the secondrow transition metals tested (Co, Cu, Fe, Mn, Ni, and Zn; results not shown). Zn had a calculated stoichiometry of 0.6 Zn ion per active site in both PuhA and PuhB, with some incorporation of other metal ions at lower levels (∼ 5-10 %). This result strongly suggests that the PUHs are mononuclear Zn enzymes.
Effects of temperature and solvent
The thermophilicity of the enzymes was tested by determining the activity of PuhA and PuhB against diuron at temperatures between 2
• C and 60 • C. Activity maxima for both enzymes were between 30
• C and 35
• C (Figure 3 ). The thermal stability of both enzymes was then tested by measuring residual activity after incubation at various temperatures. Again, both enzymes behaved almost identically, retaining significant activity after 10 min incubation at up to 40
• C. Melting points of 46.6 • C for PuhA and 46.0
• C for PuhB were calculated ( Figure 4A ). Finally, stability in the presence of the solvents acetonitrile and methanol (within a range of 1-18 %, v/v) were determined. Both enzymes were significantly inhibited in the presence of either methanol or acetonitrile, although PuhB was more resilient than PuhA ( Figure 4B ). 
Substrate range and kinetic properties
Significant turnover of ten phenylurea herbicides was observed with both enzymes (Table 2) , whereas dimefuron, neburon, siduron, tebuthiuron and thidiazuron were not turned over at detectable rates by either enzyme (Supplementary Table S4 at http://www.BiochemJ.org/bj/418/bj4180431add.htm). The five phenylureas that were not turned over are significantly bulkier than the phenylureas that were degraded, all of which have N-dimethyl or N-methoxy-N-methyl groups.
Kinetic parameters were determined for the ten phenylurea substrates, with k cat values ranging between 1 and 526 min −1 (Table 2) . Interestingly, the turnover rates of both enzymes were approx. 9-fold higher for the N-methoxy-N-methyl substrate linuron than for the N-dimethyl substrate diuron, which is otherwise structurally identical. In fact, despite the isolation of both PuhA and PuhB from bacteria selected for diuron degradation, both enzymes displayed the greatest catalytic efficiency with linuron (k cat /K m values of 37.5 and 33.9 μM −1 · min −1 respectively). Both enzymes have significantly higher k cat values for the other three N-methoxy-N-methyl substrates as well, with no significant differences between the two for any of these substrates. The greater electron-withdrawing character of the oxygen substituent in the N-methoxy-N-methyl substrates may contribute to the higher turnover rates observed for these compounds.
PuhA catalyses the turnover of linuron more efficiently at low concentrations than that of diuron (K m of 6.8 μM compared with 55.0 μM). In contrast, PuhB has lower K m values for the catalysis of both linuron and diuron hydrolysis (7.6 μM compared with 11.0 μM). Indeed, PuhB displays globally lower K m values for the N-dimethyl substrates than PuhA, with the exception of isoproturon. Thus it is likely that at least some of the sequence differences between PuhA and PuhB result in structural differences in the substrate-binding cavity, making PuhB a more efficient catalyst of N-dimethylphenylurea hydrolysis. Furthermore, the substitutions of the N -phenyl groups of the phenylurea substrates also appear to significantly affect the concentration at which both enzymes can efficiently catalyse the reaction. The uncatalysed rate of diuron hydrolysis (k non ) in neutral buffer could be estimated, from the work of Salvestrini et al. [32] , at 2.8 × 10 −10 per s. PuhB, with a k cat for diuron of 0.48 s −1 , offers a rate enhancement (k cat /k non ) of 1.7 × 10 9 . By comparison, the related subtype III ADA (adenosine deaminase) and CDA (cytosine deaminase) have significantly higher k cat values and rate enhancements for their respective substrates. ADA has a k cat of 370 s −1 and a 2.1 × 10 12 rate enhancement, whereas CDA has a k cat of 300 s −1 and a 1.1 × 10 12 rate enhancement [33, 34] . This suggests that the rates of diuron hydrolysis by PuhA and PuhB might be improved.
Promiscuous activity of the PUHs
In addition to the turnover of the phenylureas, PuhA and PuhB both catalysed the hydrolysis of certain carbamate and phosphotriester compounds ( Table 2 ). The carbamate DMNPC was turned over more rapidly than poor phenylurea substrates such as metoxuron (Table 2) , which confirms results obtained for a native soluble extract of A. globiformis D47 with DMNPC A carbamate analogue of linuron (in which the amide bond to the leaving group was replaced by an ester bond) was also synthesized to compare the hydrolysis of ester and amide bonds by the enzymes in otherwise similar substrates. Purified PuhA and PuhB were both found to hydrolyse this substrate as efficiently as the phenylurea ( Table 2 ), suggesting that these enzymes are general hydrolases and that their catalytic specificity for the hydrolysis of an amide bond (as opposed to an ester or phosphoester bond) in phenylureas is a consequence of the shape of the substrate-binding pocket.
The turnover rates for the phosphotriester ethyl paraoxon were only slightly lower than those for isoproturon, the poorest phenylurea substrate. However, the phosphothionate methyl parathion was not turned over by either enzyme at detectable levels (results not shown). The ethyl paraoxon activity is interesting in light of the sequence homology between the PUHs and the organophosphorus acid hydrolase from Arthrobacter sp. strain B-5 [30] .
Catalytic mechanism
A homology model of the active site of the PUHs, based on the structure of 2QS8, is shown in Figure 6 . The only residue in the 2QS8 active site not conserved in the PUHs is the first histidine residue of the His-Xaa-His metal-co-ordinating motif, which is replaced by an asparagine residue. When compared with the active site of 2GOK, the largest difference that is observed is in the position of the histidine metal ligand from β-strand 5; in 2QS8 it does not co-ordinate the metal ion and is replaced by a water molecule, whereas in 2GOK it does co-ordinate to the active-site metal ion. It is unclear whether this is functionally significant or a crystallization artefact. Other than this, the structures of 2QS8 and 2GOK both contain histidine and lysine residues in the active site that are not metal ligands, although the lysine residues are not in analogous positions. Finally, a water molecule, tightly co-ordinated to the active-site metal ion, is also present in these structures. The catalytic roles of the metal-bound water and second-shell histidine and lysine residues in the PUHs will be discussed below.
Both enzymes display broad pH optima for k cat /K m and k cat between 6.5 and 8.5 ( Figures 5A and 5B ). There is a significant increase in the catalytic rate from pH 4 to pH 6 in both enzymes, which is likely to be a result of the generation of a nucleophilic hydroxide by the active-site metal ion, in concert with Asp 344 and possibly His 273 (PuhB numbering). There is also a large increase in the K m value below pH 6, which could be due to a change in the protonation state of a histidine residue in the second shell of the active site that participates in substrate binding/coordination. The activity of both enzymes also decreases sharply above pH 9, with pK e values of ∼ 10 in both cases (Table 3) , possibly due to the deprotonation of the Lys 206 residue in the vicinity of the active site as modelled in Figure 6 . A plausible role for the amine group of a lysine residue in the active site of a hydrolase would be in stabilization of the developing negative charge on the leaving group. PuhA shows a small increase in K m at basic pH not seen in PuhB ( Figure 5C ), confirming the earlier evidence for at least some differences in the diuron affinities of the two enzymes. The fact that both k cat and k cat /K m are affected by pH suggests that hydrolysis of the N-C bond is rate-limiting, at least over part of the pH range studied.
On the basis of these results, we propose a catalytic mechanism similar to that suggested for urease ([36] and Figure 6C ). We suggest that (i) phenylurea binding involves co-ordination to His 273 , (ii) the active site Zn 2+ metal ion generates a nucleophilic hydroxide from a solvent molecule, which attacks the central carbon of the urea moiety and (iii) the developing negative charge on the aniline leaving group is stabilized by the NH group of Lys 206 . Table 3 Dissociation constants for the hydrolysis of diuron by PuhA and PuhB pK e 1 and 2 were calculated from a fit to the log k cat against pH data ( Figure 7A ), whereas pK es 1 and 2 were calculated from a fit to the log k cat /K m against pH data ( Figure 7B ). To quantify the effects of the electronic properties of the leaving group on the catalytic rate, Brønsted plots were made for the turnover of the N-dimethyl substrates (Figure 7) . Although the pK a range is relatively small (values between 3 and 5), this is the largest range possible for the activity spectrum of the enzymes. A biphasic relationship was found between log (k cat ) and pK a , with different behaviours evident either side of a pK a value of ∼ 4. The slope (r 2 = 0.98) between pK a 4 and 5 is negative, giving β lg values of − 1.6 for PuhA and − 1.1 for PuhB, indicating a large degree of bond cleavage in the transition state. Table 2 shows a biphasic relationship.
The curve appears to flatten at pH values below 4. Changes in the slopes of Brønsted plots are usually attributed to a changes in the catalytic mechanism or the rate-limiting step [37, 38] . Thus it is possible that for highly reactive phenylureas, in which the leaving groups have low pK a values (below 4), C-N bond cleavage may no longer be rate-limiting under the conditions these assays were performed in.
Evolution of the PUHs
PuhA and PuhB share 82 % amino acid identity, but are only 25 % identical with their closest relative, the amidohydrolase of Natranaerobius thermophilus JW/NM-WN-LF (YP_001918857). It is interesting that no closer homologues of PuhA and PuhB are found in the non-redundant NCBI database, yet PuhA and PuhB have been isolated from different genera of Actinomycetes in locations as remote from each other as Australia and the U.K. The identification of structurally and functionally similar genes from geographically separated bacterial strains has been seen before, for instance in the isolation of the organophosphate-degrading PTEs (phosphotriesterases) [39] . Many close homologues of the PTEs are found in sequence databases, and Afriat et al. [40] have identified a plausible evolutionary origin in microbial lactonase genes. Thus, although convergent evolution seems plausible for the PTEs owing to the widespread distribution of close relatives, no putative progenitor for PuhA and PuhB has yet been identified, making its evolution in geographically isolated regions more surprising. The PUHs appear to be unrelated to the phenylurea-hydrolysing enzyme from Bacillus sphaericus, as they exihibit different substrate ranges and molecular masses [9, 10] . Thus the evolution of at least two protein families appear to be converging on the same reaction. No insertion sequences or transposable elements were identified in the cloning of either PuhA or PuhB. The puhA gene was located on a plasmid, which would facilitate its transfer, but we could not confirm whether the puhB gene is located on a plasmid.
Owing to the lack of close homologues of the PUHs, we cannot speculate on a possible prior, physiologically relevant, function. What is clear, however, is that these enzymes are highly promiscuous and appear to be primarily hydrolases, with their substrate specificity largely determined by steric factors. The general hydrolase function of the PUHs is exemplified by their ability to cleave N-C or O-C bonds equally well in structural analogues (linuron and linuron ester). The PUHs also catalyse phosphotriester hydrolysis, which is interesting in light of their similarity to the organophosphate acid hydrolases [30] . Substrate promiscuity has been shown to be an important factor in the evolvability of enzymes [41] . The catalytic promiscuity identified in the present study suggest that the PUHs could have evolved from any number of activities (eg. C-N, C-O or P-O cleavage), and further investigation of the evolutionary origin of the PUHs may require greater focus on the evolution of the substrate-binding pocket to form a complementary shape for the substrate, rather than focusing on chemically identical reactions. The functional significance of the Asn-Xaa-His motif is unclear and will also require further investigation before it is clearly understood.
Prospects for bioremediation
Pesticide-degrading organisms have been harnessed in microbial bioremediation strategies, and their genes have been deployed transgenically in planta for the phytoremediation of pesticides and herbicide resistance [42] [43] [44] . Another potential strategy is free-enzyme bioremediation (i.e. in the absence of a living host), which requires robust, kinetically efficient and co-factor-free enzymes [45] . Studying the fate of xenobiotic compounds in the environment and identifying the gene/enzyme systems involved in their degradation can identify such enzymes. This strategy has been applied successfully on a commercial scale for the degradation of organophosphate insecticides [45] . Both PuhA and PuhB display low K m values for the major phenylurea herbicides, which is an essential property for enzymatic bioremediation. It is hoped that future protein-engineering efforts can build on this work to improve the turnover rates and deliver an efficient detoxification system for phenylureas. However, we note that such an enzyme would need to be used in conjunction with another enzyme that degrades the toxic aniline metabolites of phenylurea degradation, which are not known to inhibit photosynthesis, but can show higher vertebrate toxicities.
